Relaxation of nucleosomes on an homologous series (pBR) of ca 350 -370 bp DNA minicircles originating from plasmid pBR322 was recently used as a tool to study their structure and dynamics. These nucleosomes thermally fluctuated between three distinct DNA conformations within a histone N-terminal tail-modulated equilibrium: one conformation was canonical, with 1.75 turn wrapping and negatively crossed entering and exiting DNAs; another was also "closed", but with these DNAs positively crossed; and the third was "open", with a lower than 1.5 turn wrapping and uncrossed DNAs. In this work, a new minicircle series (5S) of similar size was used, which contained the 5S nucleosome positioning sequence. Results showed that DNA in pBR nucleosomes was untwisted by , 0.2 turn relative to 5S nucleosomes, which DNase I footprinting confirmed in revealing a , 1 bp untwisting at each of the two dyad-distal sites where H2B N-terminal tails pass between the two gyres. In contrast, both nucleosomes showed untwistings at the dyad-proximal sites, i.e. on the other gyre, which were also observed in the high-resolution crystal structure. 5S nucleosomes also differ with respect to their dynamics: they hardly accessed the positively crossed conformation, but had an easier access to the negatively crossed conformation. Simulation showed that such reverse effects on the conformational free energies could be simply achieved by slightly altering the trajectories of entering and exiting DNAs. We propose that this is accomplished by H2B tail untwisting at the distal sites through action at a distance (, 20 bp) on H3-tail interactions with the small groove at the nucleosome entry -exit. These results may help to gain a first glimpse into the two perhaps most intriguing features of the high-resolution structure: the alignment of the grooves on the two gyres and the passage of H2B and H3 N-terminal tails between them.
Introduction
New features of nucleosome dynamics have recently been revealed, using as a tool topoisomerase I relaxation of mononucleosomes reconstituted on an homologous series of DNA minicircles of unique sequence (the 351 -366 bp pBR series, originating from plasmid pBR322). 1 In this analysis, the relative amounts of the two, sometimes three, adjacent topoisomers observed in the equilibrium distributions produced by relaxation were plotted as a function of their linking difference, DLk. Such a plot (see Figure 3(d) , below) showed shoulders or peaks centered at DLk values around 2 1.7, 2 1 and 2 0.5, which corresponded to discrete DNA conformational states of specific linking differences, DLk n , close to these values. These peaks or shoulders result from the relative energy benefit of relaxing into these particular topoisomers of DLk ¼ DLk n , because only these topoisomers can provide a relaxed loop to the nucleosomes in these particular conformations. This requires the proper minicircle size in order for the topoisomer DLk to coincide with the conformational DLk n , a condition necessarily met by one minicircle or the other when using a series. Wrapping is normal (, 1.7 turns) in the closed conformations, with DNAs crossing either negatively (DLk n , 2 1.7; state s 2 ) or positively (DLk n , 2 0.5; state s þ ), but is lower (, 1.4 turns) in the open, uncrossed, conformation (DLk n , 2 1.0; state sO). The breaking of histone-DNA interactions at the nucleosome edges in the sO conformation is consistent with histone -DNA binding interactions being the weakest at superhelix locations (SHL)^6. 5 . 2 A thermodynamic analysis of this plot confirmed that the s þ conformation is energetically less favorable than the s 2 conformation (by , 2kT), with sO lying in between (, 1kT above the "negative"). These relative energies, however, rely on the effective interactions of the histone N-terminal tails with entering and exiting DNAs. Tail destabilization (through their acetylation and/or the presence of phosphate) indeed shifted sO to almost 1kT below s 2 , making it the energetically most favorable conformation. 1 The present work describes results obtained with a new 349 -363 bp 5S DNA minicircle series containing the 256 bp Lytechinus variegatus 5S nucleosome positioning sequence. 3 When compared to DNA in 5S nucleosomes, DNA in pBR nucleosomes was untwisted by , 0.2 turn, although naked pBR DNA was slightly more twisted than naked 5S DNA. This result was confirmed and extended by DNase I footprinting, which revealed a , 1 bp untwisting at each of the two dyad-distal sites where H2B N-terminal tails pass between the gyres through the channel formed by the two aligned small grooves. In contrast, both nucleosomes showed untwistings at the proximal sites, i.e. on the opposite gyre, as also observed in the high-resolution crystal structure. 4 The 5S nucleosomes also differ with respect to their dynamics: they hardly accessed the s þ conformation, although their access to s 2 was easier. The energetics of the system were explored by calculating the loop most probable conformation in the three states using the explicit solutions to the equations of the equilibrium in the theory of the elastic rod model for DNA (referred to below as the "explicit solutions" theory). (The theory 5 -7 has been used in this laboratory to simulate tetrasome chiral transition. 8, 9 ) The most probable conformations strictly depend on the loop end conditions, and hence on the parameters of the DNA superhelix. Results showed that the free energies of s 2 and s þ states could be affected in opposite directions, as observed experimentally, by modulating the trajectories of entering and exiting DNAs so as to make them more or less divergent when projected onto the superhelix axis. We present a model in which this is accomplished by H2B tail untwisting at the distal sites through action at a distance (, 20 bp) on H3-tail interactions with the small groove at the nucleosome entry -exit.
Results
pBR versus 5S DNAs. Helical periodicity and other parameters Figure 1 (a) shows the electrophoretic profiles of relaxation products, obtained at different temperatures, of the Lk ¼ 31 topoisomer of two DNA minicircles of the pBR series. Sizes (360 bp and 362 bp) were chosen to be close to an integral multiple (34) of the helical repeat plus 5 bp. Only within a narrow size interval around 34 £ 10.5 þ 5 ¼ 362 bp, does relaxation produce two topoisomers, against one outside that interval (a result of DNA rigidity 1 ). The logarithm of the topoisomer ratio in each equilibrium is plotted as a function of temperature in Figure 1 (b). The two parallel straight lines obtained (one slope and two intercepts), described by equation (10) in Materials and Methods, give the three DNA parameters: the helical periodicity at 37 8C, h o , the supercoiling force constant, K SC , and the thermal untwisting coefficient, t. A similar relaxation experiment was performed with the Lk ¼ 31 topoisomer of 361 and 363 bp DNA minicircles of the 5S series (not shown). Table 1 lists the parameter values, which  depend on the nucleotide sequence, but virtually  not on the relaxation buffer (^Mg   2þ   ; see Materials  and Methods) . pBR DNA appears to be slightly less rigid than 5S DNA, through both K SC (mean K sc , 3800 against , 4600, or K SC /N ¼ 10 -11 against 13), and t (t is , 20% higher for pBR DNA), the latter discrepancy presumably reflecting their different G þ C content, 40.5% against 46.8%, respectively. Moreover, pBR DNA is also more twisted (10.49 4 against 10.53 8 bp/turn).
pBR versus 5S nucleosomes

Topology
Nucleosomes were reconstituted on 5S DNA minicircles, and relaxed in the Mg 2þ -plus buffer as described for pBR nucleosomes. 1 The example of 355 bp nucleosomes on topo 2 2.7 (Lk ¼ 31) is presented in Figure 2 . Nucleosomes were electrophoresed before and after relaxation (Figure 2(a) ), and the relaxed nucleosome band was cut (bracket), the DNA eluted and electrophoresed in a chloroquine-containing gel, along with marker topoisomers (Figure 2(b) ). This revealed an equilibrium distribution of two topoisomers, 2 0.7 and 2 1.7, whose mean linking number, kLk n l, was measured from the topoisomer relative amounts in the radioactivity profile (Figure 2(c) ). Note that the presence of these two simultaneous topoisomers in one band is consistent with the co-migration of their nucleosomes in control reconstitutions (Figure 2(a) , lanes 4 and 5). A third topoisomer is sometimes observed in smaller amounts in the relaxation equilibria, depending on the minicircle size (data not shown).
Results are shown in the form of a kLk n l versus N plot in Figure 3 -minus buffer (Figure 3(c) , open circles), for which a compensation occurs between the manifestations of DNA rigidity and nucleosome dynamics. As mentioned in Introduction, the topoisomer relative amounts versus DLk plot of pBR nucleosomes is plurimodal (Figure 3(d) , filled circles), reflecting nucleosome access to closed s 2 and s þ conformations (the shoulders at DLk , 2 1.7 and 2 0.5), and open sO conformation (the peak at DLk , 2 1). There is a large decrease in the relative importance of the closed states upon removal of Mg 2þ , to the benefit of the sO state (Figure 3(d) , open circles). This indicates that Mg 2þ stabilizes the closed conformations, possibly using its divalent character to somehow "crosslink" the entering and exiting DNAs in these conformations. The most striking feature, however, is the virtual disappearance of the s þ shoulder in the 5S profile in both relaxation buffers ( Figure  3(b) ).
Cleavage
Nucleosomes were reconstituted on bulk amounts of DLk , 2 1 topoisomers and trimmed into core particles. Figure 4(a) shows the Figure 1 . Measurement of naked DNA parameters. (a) Lk ¼ 31 topoisomers of 360 bp and 362 bp pBR minicircles were relaxed with 600 units of topoisomerase I/ml in the Mg 2þ -minus buffer (see Materials and Methods) for one hour at the temperatures indicated (T; 8C), deproteinized, ethanol precipitated and electrophoresed in a chloroquine-containing 4% polyacrylamide mini-gel as described. 9 An autoradiogram is shown. (b) The natural logarithm of the topoisomer ratios, as calculated from the radioactivity profiles of the (a) gel (not shown), was plotted as function of the temperature increment DT ¼ T 2 37 8C (see equation (10) in Materials and Methods). Figure 1 for the relaxation of pBR DNAs in the Mg 2þ -minus buffer).
Sequence-dependent Nucleosome Polymorphism electrophoretic fractionation of such nucleosomes from the pBR series, before (lane 2) and after digestion with micrococcal nuclease (lane 3), and further digestion with DNase I (lane 4). Core DNAs were eluted from the gel slices, end-labeled with 32 P, and the digest electrophoresed in the sequencing gel (as shown in Figure 4 (b)), together with an equivalent digest of 5S nucleosomes, and depurinated products of a truncated 5S fragment used as a size marker. Cleavage frequencies were plotted as function of nucleotide number in Figure 4(c) . As shown in the enlarged region of the sequencing gel, initial pBR and 5S core DNA fragments span the same size interval, approximately 145 -150 nucleotides, in agreement with expectation. In contrast to SHL5 and 6 bands which are shifted to larger sizes in pBR compared to 5S, other bands between SHL^4 virtually coincide in the two particles, and in particular the SHL0 band, whose apex at 73-74 nucleotides is close to the position of the coinciding dyad axes (arrow in Figure 4 (c)). Interestingly, the SHL7 band is visible in the 5S footprint (see enlargement), but not in the pBR footprint. Its origin can be found in the bipartite structure of the 5S core DNA band, with its weaker upper part and stronger lower part, which contrasts with the homogeneity of the pBR band, and was not observed in the control before DNase I digestion (not shown). This indicates that DNase I could cleave DNA at the very edges of the longest 5S core particles, which it was unable to do on pBR particles of the same size. All together, these results are consistent with a downward shift of the 5S SHL7 band similar to the shifts of 5S SHL5 and 6 bands.
SHL5 and 6 band shifts, measured and shown in Figure 4 (c), correspond to 0.9 (124.9 -125.8) and 1.2 (136.7 -137.9) nucleotides, respectively (the accuracy of these estimates is confirmed by their values remaining the same in a duplicate of the whole experiment with independently trimmed nucleosomes; data not shown). These shifts reflect an untwisting of pBR DNA relative to 5S DNA on the histone surface, whose features appear remarkable in two respects: (i) most of it (, 1 bp) occurs locally, between SHL4 and 5; and (ii) its net result is to rotate the whole , 20 bp stretch from SHL5 down to the DNA end at SHL7. (Note that the alternative scenario, in which the untwisting would not be evacuated at the ends but rather toward the interior is less favorable because this would apply positive torsional stress to the DNA.) Interestingly, SHL4 -5 encompasses the place where the first H2B N-terminal tail traverses the superhelix between the two gyres (see a view of the human a-satellite core particle crystal structure 4 in Figure 5 (a), together with a scheme of the slit superhelix in Figure 5 (b)). Because the two DNA ends were not distinguished from one another, the same , 1 bp untwisting necessarily occurs between SHL-4 and -5 of the complementary C strand (Figure 4(d) ), where the tail of the second H2B traverses the superhelix ( Figure   5 (b)). This should be reflected by shifts of pBR SHL-5 and -6 bands on the initial W strand toward lower sizes relative to 5S bands (Figure 4(d)); but this cannot be checked because the 5S SHL-5 band was obscured in the gel due to problems in the fractionation of short mixed-sequence fragments, and both SHL-6 bands were lost.
The proximity of the H2B tail to the untwisting event in pBR DNA suggests the tail is responsible. The a-satellite nucleosome structure, 4 and the spacings between arginine lateral chains inserted into the narrowed minor groove along the DNA facing the histones, all argue for this conclusion. As previously reported 10 , all spacings beyond SHL^1.5 are 10 bp, except between SHL-2.5 and -3.5 (11 bp) and symmetrically between SHL2.5 and 3.5 (12 bp), which again encompass the locations where H2B tails traverse the superhelix ( Figure 5 (a) and (b)). These two DNA stretches, which link the (H3 -H4) 2 tetramer to the H2A -H2B dimers, are therefore untwisted by 1 -2 bp relative to the surrounding DNA. This untwisting has been proposed to be due to the H2B N-terminal tail passing between the two gyres. Therefore, pBR and 5S nucleosomes resemble the asatellite nucleosome and show an untwisting at the proximal sites. This untwisting can be estimated as: {10.4 £ 6 2 4 (10.1 to 10.2)}/2 2 (10.1 to 10.2) ¼ 0.6 to 0.9 bp, against {10.43 £ 6 2 4 £ 10}/ 2 2 10 ¼ 1.3 bp for a-satellite nucleosome. In conclusion, out of the three nucleosomes of interest, H2B tails appear to untwist all nucleosomes at the proximal sites (,SHL^3), but only pBR nucleosomes at the distal sites (,SHL^5).
Model fitting pBR nucleosomes
The three-state model was fitted to the topoisomer amounts versus DLk plot (Figure 3(d) , filled circles), to derive the specific linking difference of each DNA conformation, DLk n , and its associated free energy, DG n ( Table 2 ; see Materials and Methods). A unique K SC /N l value of 12 was used (N l is the loop size; see equation (12)), as obtained from the loop most probable conformations calculated using the explicit solutions theory (see The core particle band in lane 4 of (a) was cut out (bracket), the DNA eluted, end-labeled with 32 P, and electrophoresed in a sequencing gel (the phosphorimage is presented) (lanes 2), along with an equivalent DNase I digest of core particles prepared from mononucleosomes reconstituted on the same topoisomer of 5S 357 bp minicircle (lanes 3), and the products of a depurination reaction 36 of a 249 bp 5S Bam HI-Rsa I fragment labeled at the 5 0 Bam HI end (lanes 1; see DNA sequence in Figure 1 of Duband-Goulet et al. 15 ). Sizes (in nucleotides) are indicated, together with the superhelix locations (SHL) of the broad bands formed by the envelope of the individual bands corresponding to DNase I cleavage at each bond. An enlargement of the upper region of lanes 2 and 3 of the longer migrations is shown. The sequence dependence of the fragment electrophoretic mobility is illustrated by the marker bands migrating half-way up the sample bands in the SHL-5 region of the shorter migrations (compare lanes 1 and 2 in that region), and by the split structure of some of the sample bands in the same region. (c) Plots of DNase I cleavage frequency at each bond of core particle DNAs. Each data point represents a three-bond running average of the area of individual peaks in the phosphorimage. SHL-5 to 6 peaks refer to bands in the phosphorimage. SHL0 (arrow) marks the coinciding particle dyad axes. (Micrococcal nuclease background cleavage was measured from DNA extracted from control core particles in lane 3 of (a) and similarly electrophoresed in a sequencing gel (not shown), open circles), the DG n value of s 2 and s þ states increases (by 1.2kT and 0.5kT, respectively), and the energetically most favorable state shifts from s 2 to sO ( Table 2) . Removal of Mg 2þ therefore mimics phosphate addition in altering nucleosome dynamics, although for quite different reasons (phosphate acts instead through efficient destabilization/release of the tails from their interactions with entering and exiting DNAs, and an increase in their mutual repulsion 1 ).
pBR versus 5S nucleosomes
5S nucleosomes in the Mg
2þ -plus buffer show a , 1kT increase in DG n value of s þ relative to pBR nucleosomes, and an infinite one in the Mg 2þ -minus buffer (Table 2 ). In fact, s þ may be considered as virtually inaccessible to 5S nucleosomes already in the Mg 2þ -plus buffer, because fitting with the two-state model produces identical DLk n and DG n values for s 2 by taking the ratios of the area of individual peaks corresponding to cleavage at each bond over the area of the top "core DNA" band (see the phosphorimage). The results show that background cleavage remains below 1% of DNase I cleavage at the same sites.) Note the similar cleavage modulations in the two nucleosomes, despite their different structure and properties. The weak cleavage at SHL4 was also observed in rat liver nucleosomes. 37, 38 (d) Cleavage scheme of the two strands. Vertical arrows and numbers indicate cleavage and SHL, and horizontal arrows the directions of the size-shifts of pBR bands relative to 5S bands (see the text). (c) A model for action at a distance of H2B tail untwisting on H3 tail interactions with the small groove at the nucleosome entry-exit. Righthand side, H2B tail , 1 bp untwistings at SHL^5 in pBR nucleosomes rotate the distal , 20 bp stretch (starting from SHL^5; circular arrow) and induce a deeper H3 tail penetration into the small groove at SHL^7. As a result, entering and exiting DNAs diverge less when viewed from the superhelix axis. Left-hand-side, in the absence of untwistings at SHL^5 in 5S nucleosomes, there is no rotation of the 20 bp distal stretch, the H3 tail penetration is not as deep, and entering and exiting DNAs diverge more. Note that differential small groove intercalation at SHL^7, as a consequence of differential rotation of the 20 bp distal stretches, is not the only conceivable mechanism for reorientation of entering and exiting DNAs (see Discussion). † http://www.mol.biol.ethz.ch/richmond/definedsequenceNCP.html Sequence-dependent Nucleosome Polymorphism and sO states (values between parentheses in Table 2 ). Remarkably, these s þ DG n value increases were accompanied by , 1kT decreases in s 2 DG n values in both buffers.
Because DLk n values of pBR nucleosomes were identical to the corresponding most probable Wr values (Wr o in Table 2 ; see below), it was previously concluded that the twist of pBR DNA was not altered upon wrapping (DTw n ¼ 0 in equation (5)). 1 This translated into an intrinsic helical periodicity of wrapped DNA being equal to its periodicity free in solution: h int , h o in equation (6) . In contrast, 5S nucleosomes have both s 2 and sO DLk n values increased by 0.30(^0.05) relative to pBR nucleosomes (Table 2 ). (The smaller increase for s þ (0.15) is not as meaningful given the poor overall contribution of that state in the relaxation equilibrium.) Equation (5) now gives DTw n ¼ 0.30(^0.05) relative to naked 5S DNA, and DTw n ¼ 0.25(^0.05) relative to naked (or wrapped) pBR DNA (the naked DNA contribution over , 130 bp, DTw , 0.05 (see equation (6)), is in the other direction and must be subtracted). This results into a , 2.5(^0.5) bp untwisting of pBR nucleosomes relative to 5S nucleosomes, in fair agreement with footprinting results (, 2 bp). In addition, because DTw n remained the same in the sO state, i.e. with histone -DNA binding sites broken at SHL^6.5, the untwisting must occur somewhere in between SHL^5.5.
In conclusion, in addition to quantitatively confirming DNase I-predicted pBR nucleosome DNA untwisting relative to 5S nucleosomes, the minicircle approach has uncovered their differential dynamics. A specific feature in this difference, the opposite variations in s 2 and s þ free energies, will reveal itself crucial in arriving at an explanation.
Loop end conditions and nucleosome ability for positive crossing
Loop elastic energy Figure 6 (a) and (c) shows the loop elastic energy (bending plus twisting; G SC : see equation (12)) as functions of topoisomer constraint, DLk. This energy refers to the loop in its most probable conformation, as obtained using the new version of the explicit solutions theory dealing with DNA self-contacts (see Materials and Methods). Global or local minima in the energy are observed which correspond to the different states: sO for the 1.45 turn nucleosome at DLk , 2 1, and s 2 and s þ for the 1.7 turn nucleosome at DLk , 2 1.7 and , 2 0.3. As shown in Figure 6 (b) and (d), which display the associated loop twist and total topoisomer writhe, DTw l ¼ 0 at these points, i.e. the loop is torsionally relaxed in all states. Visual representations of sO, s 2 and s þ conformations are displayed in Figure 6 (e). Because G SC variation with DLk is approximately quadratic in the vicinity of the minima, K sc /N l values could be calculated through identification with G sc in equation (12) . K sc /N l were found to be only slightly different from one state to another (see the legend to Table  2 ), and actually close to the naked DNA figures (Table 1) , justifying the use of a unique value for fitting.
In contrast to sO and s 2 states (see above), Wr o of the s þ state (Wr value at DTw l ¼ 0 in Figure  6 (d)) is significantly different from its DLk n value (, 2 0.3 against , 2 0.6; see Table 2 ). The likely reason is in DNA/DNA electrostatic repulsion which may only be decreased, but not cancelled, by tail interactions, and was not taken into account in the theory. The G SC profile in Figure 6 (c) indeed shows that a DNA self-contact (open circle), at 
Errors are^0.02,^1 and^0.1 for DLk n , K SC /N l and DG n , respectively. a Linking number (DLk n ) and free energy (DG n ) differences were derived from fitting of the three-state (pBR and 5S) or two-state (5S; bold figures between parentheses) model to topoisomer relative amounts versus DLk data in Figure 3 b DLk n values were assumed to be the same in the Mg 2þ -minus buffer as in the Mg 2þ -plus buffer, in keeping with the identical h o obtained in the two buffers (see Table 1 ).
c K SC /N l (with N l the loop size) and Wr o were calculated for each state from plots in Figure 6 (a)-(d) as described in Results and Materials and Methods. K SC /N l values were found to be only slightly different between the states: 12, 11.5 and 11 for s 2 , sO and s þ , respectively, justifying the use of a unique value for fitting.
d K SC /N l was increased relative to K SC /N l ¼ 12 to somehow take into account the larger overall rigidity of 5S DNA compared to pBR DNA (compare K SC and t in Table 1 ). Figure 6 . Loop elastic energy and equilibrium conformations by the exact solutions theory. (a) and (c) Loop elastic energy (G SC ) was calculated in the three-state model as functions of the topoisomer DLk, as described in Materials and Methods, with no change in twist of the wrapped DNA, for regular (straight; 1.45 and 1.7 turn nucleosomes) and curved (curved; 1.7 turn nucleosome) superhelices (see Results). G SC minima at DLk , 2 1, 2 1.7 and 20.3 correspond to sO, s 2 and s þ states, respectively. Starting from the mid-region of the energy profiles, the points at which a DNA self-contact first occurs in the loop are indicated by open circles. The calculation used A/kT ¼ 50 nm as the persistence length, and C/A ¼ 1.6 (C is the twisting rigidity; see Materials and Methods). Variations of C/A from 1.4-2, while keeping A constant, have no effect on DG SC values. Variations in A have more influence. However, decreasing A/kT to an unrealistic 30 nm low would decrease DG SC between closed positive and negative states from 6 kT to 3.6 kT, a value still too large to account for pBR nucleosome access to the s þ state (see Results). (Similar energy profiles were reported. 31 ) (b) and (d) Associated loop twist (DTw l ) and topoisomer total writhe (Wr) plotted as functions of DLk. Note that DTw l ¼ 0 at all G SC minima. A local energy maximum around DLk ¼ 2 0.6 in (c) also has DTw l ¼ 0 (small arrow), but does not correspond to a stable conformation. (e) and (f) Scale representations of DNA equilibrium conformations in the different states, and of straight and curved DNA superhelices (as obtained with the MacMolecule2 software; Molecular Ventures Inc.). which the repulsion is maximal, occurs in the loop before s þ is reached. The repulsion increases the apparent diameter of the double helix over the 2 nm used in the calculation, so that the real selfcontact and minimum occur at a smaller DLk value and higher energy than shown in Figure  6 (c). In contrast, for the s 2 state, and even more so for sO, repulsion does not appear to affect the minima positions, as expected from the selfcontacts occurring far from them (see open circles in Figure 6 (a) and (c)).
As far as loop bending energy is concerned, and consistent with conformations given in Figure 6 (e), sO should be favored over s 2 by , 2kT ( Figure  6 (a) and (c)). s 2 is favored instead, except for pBR nucleosomes in Mg 2þ -minus buffer ( Table 2 ). The reason lies in the contributions to G n (i) in equation (11) , which were again not taken into account in the theory. In addition to the abovementioned electrostatic repulsion which favors the sO state, two more contributions can be identified. The first one is the straightening of the unwrapped DNA at the edges, which also favors sO. The second originates from the protein and instead favors s 2 : histone -DNA binding sites are engaged at SHL^6.5 in the latter state, but break in sO at some energy cost.
In contrast, there is no expected change in the protein contribution between the two closed states, potentially leaving the bending energy (DG SC ) and the electrostatic repulsion as the sole contributors to G n (i). The latter contribution can only be larger in s þ , due to the early-occurring DNA selfcontact, so that DG SC , 6kT (Figure 6(c) ) should be a minor estimate for the real free energy difference between the two states. This prediction fits 5S nucleosomes' behavior but not pBR nucleosomes', whose actual DG n value is much smaller (1.3 -2kT; see Table 2 ). Bending and torsional rigidity coefficients are not responsible for this discrepancy because even their extreme values fail to decrease DG SC significantly (see the legend to Figure 6 ). Decreasing the superhelical pitch to 2 nm, so as to bring the two gyres in contact, did not decrease DG SC either (data not shown).
Loop end conditions
Nucleosome propensity to make a positive crossing, i.e. the DG SC value, is expected to depend critically on the loop end conditions, that is, on the relative orientation of the entering and exiting DNAs. The recognition of this general dependence for a looped segment of DNA was at the origin of the theory. 6 Specifically, the actual angular divergence of these DNAs relative to the superhelix axis, as resulting from left-handed wrapping, is expected to favor negative crossing, and disfavor positive crossing. If the DNAs are made less divergent, then common sense suggests that the energy balance will lean more toward positive crossing, and less toward negative crossing. The bold curve in Figure 6 (c) shows the energy profile obtained after inflicting a curvature of 15 nm radius to the superhelix axis which brings the two DNA gyres into contact at the entry -exit points (compare "straight" and "curved" superhelices in Figure  6 (f)). G SC decreases for s þ (by , 3kT) and increases for s 2 (by , 1kT), so that their difference, DG SC ¼ 2kT, is now close to the pBR DG n value. Interestingly, the lower 1.65 turn wrapping of the high-resolution structure 4 would, with the same 15 nm curvature, remove the contacts at the entry -exit and further decrease DG SC to , 1kT (data not shown; DG SC would also decrease with the straight superhelix from , 6 to , 4kT).
Discussion
Potential influence of DNA bends and/or anisotropic bendability on relaxation data Permanent bends in, or an anisotropic bendability of, the loop have the potential to bias the relaxation equilibria. This conclusion stands from the experimentally observed and theoretically predicted influence of sequence-directed bending on DNA supercoiling, 11 -13 and from the suggestion that bends generally favor writhing over twist. 14 Indeed, trajectories of 5S and pBR linear DNAs, as constructed by using roll, tilt and twist parameters from the literature (including references cited in Table 3 , below), are not straight but moderately curved (not shown). The bias on naked DNA relaxation equilibrium distributions could in principle be estimated from the comparison between the helical periodicity measurements given in Table 1 and the periodicities derived from the sets of twist parameters referred to above. As shown in Table 3 , although the periodicity absolute values are different from each other, the difference between the two DNAs (0.06(^0.02) bp/turn) within one set of parameters is approximately constant, and in good agreement with experiment (0.04 5 (^0.006 to 0.012) bp/turn; see Table 1 ). Because twist parameters were derived independently, such an agreement is a strong case in favor of the existing bends (or anisotropic bendability) not significantly influencing naked Twist parameter sets were obtained from the analysis of: B-DNA crystals 40 ; protein-DNA co-crystals 41 ; different experimental data on DNA twist 42 ; and DNA conformations. 43 Smaller absolute figures of B-DNA crystals presumably originate from crystal packing forces, which tend to make the periodicity integral.
DNA, and presumably also nucleosome, relaxation data.
Twist of nucleosomal DNA, and H2B tails
The overall consistency of untwisting data derived from topology (Table 2) or cleavage ( Figure  4 ) makes a strong point: the , 2 bp untwisting (, 1 bp on each side) of pBR nucleosomes relative to 5S nucleosomes presumably results from H2B N-terminal tail interactions with the small groove, close to SHL^5, where they pass between the two gyres ( Figure 5(b) ). These untwistings rotate the distal , 20 bp stretches from SHL^5 down to the DNA ends (of the core particle), and dissipate in the loop. This is of course a condition for them to be detected by relaxation, as opposed to a situation in which the same untwistings would be blocked at SHL^7, for example. Each stretch rotation, equivalent to , 0.5 bp/turn, is ten times that permitted by the simple polymorphism between the two DNAs (Dh o , 0.05 bp/turn). If only pBR nucleosomes, therefore, are untwisted at these dyad-distal sites, both 5S and pBR nucleosomes, as well as the human a-satellite nucleosome, 4 are untwisted at the dyad-proximal sites, i.e. on the opposite gyre, near SHL^3 (see Results). These differences may reflect sequencedependent local DNA flexibility and/or width of the two aligned small grooves.
Nucleosome dynamics and loop end conditions
Dynamics of the two nucleosomes were also different: compared to 5S nucleosomes, pBR nucleosomes had a facilitated access to the s þ conformation, but a harder access to the s 2 conformation ( Table 2 ). The loop elastic energy, calculated using the exact solutions theory, clearly shows that the state free energies can be so altered simply by making entering and exiting DNAs less divergent when viewed from the superhelix axis (see straight and curved energy profiles in Figure  6 (c), and superhelices in Figure 6(f) ).
A link between DNA twist and dynamics. A role for H3 tails ?
There is necessarily a statistical, if not one-toone, relationship between untwistings at SHL^5 and ease to make a positive crossing. The reason is that pBR and 5S nucleosomes are averaged over 15 or so individual nucleosomes located at alternative positions on 5S DNA 15, 16 (a similar number of positions occurs on pBR DNA: our unpublished results); and, by a number of criteria, these individual nucleosomes differ from one another (see below). The model in Figure 5 (c) explains how positive crossing may indeed be correlated to untwisting if the orientation of entering and exiting DNAs is modulated by their interactions with H3 N-terminal tails. H3 tails not only penetrate the small groove near SHL^7 (Figure 5(b) ), but interact over a significant distance along the DNAs through their highly charged distal domains (see Introduction). 17 In this model, the untwisting achieved by H2B tails near SHL^5, in altering the rotational orientation of the two distal , 20 bp stretches, modifies at a distance H3 tail interactions with the small groove at SHL^7 (Figure 5(c) ) and/or further away. This will in turn alter the trajectories of entering and exiting DNAs, making them less divergent than in the "no-untwisting" situation when viewed from the superhelix axis.
H3 versus H2B tails
In contrast to H2B tails, H3 tails do not induce untwistings of their own where they pass between the two gyres, near SHL^1 and SHL^7 ( Figure  5(b) ). With respect to SHL^1, this is indicated by h loc ¼ 10.1-10.2 bp/turn between SHL^2 in pBR and 5S nucleosomes (see Results) and 10 bp/turn between SHL^1.5 in the high-resolution structure. 10 As for untwistings at SHL^7, the crystal structure does not give much information because the absence of DNA-binding sites beyond SHL^6.5 prevents the h loc measurement. DNase I seems more explicit in showing a downward shift of the SHL7 band in 5S relative to pBR nucleosomes, similar to those observed with SHL5 and 6 bands (see Figure 4 (b) and Results). But topology provides the strongest argument against them, once it is realized that SHL^7 untwistings would take place in the s 2 conformation, but not in the sO conformation. In that case, DLk n values of sO and s 2 conformations could not be consistent with Wr o values. Such a failure of H3 tails to untwist (in the s 2 conformation) may be the consequence of the straightening of the two distal 10 bp of the DNA superhelix 4 , which provides more space to H3 tail passage. Straight stretches may also be thought to be more easily re-orientable, as proposed in Figure 5 (c).
Conclusions
Results of this work open the way to the notion of sequence-dependent nucleosome structural and dynamic polymorphism. This polymorphism may be mediated by H2B N-terminal tail proximal domains, through untwistings of the double helix near SHL^5 where they traverse the superhelix between the two gyres. We propose that the subsequent rotation of the distal DNAs beyond SHL^5 modifies the interactions of H3 tail proximal domains with the small groove near SHL^7 in such a way as to alter the orientation of entering and exiting DNAs. This will in turn modulate the free energies of negative and positive crossings.
Another function of H2B tail proximal domain interactions with the small groove may be to lock the octamer into position on the DNA. The abovementioned distal DNA straightening may concur with the intrinsic lability of histone-DNA binding Sequence-dependent Nucleosome Polymorphism sites at SHL^6.5 to prevent a locking activity of H3 tails. Consistently, only H2B N-terminal tails were found to be important in preventing sliding of linear nucleosomes during native gel electrophoresis. 18 Still, H2B proximal domain locking activity may vary from one nucleosome to another. Our recent results with a limited collection of unique 5S nucleosomes suggest an inverse correlation between H2B tail untwisting activity near SHL^5 and nucleosome ability to slide at elevated temperatures (C.L. & A.P., unpublished results).
The biological role of such sequence-dependent nucleosome polymorphism is unknown, and probably out of reach at the present time. However, it may not be too wild a speculation to suppose that it is a new way to alter chromatin local dynamics, which is believed to be of key importance in the regulation of DNA transactions in vivo. Such a sequence-dependent nucleosome polymorphism would act at a more constitutive level than other known processes, such as histone covalent modifications, which require external participation. This polymorphism could provide additional means to remodeling complexes that affect chromatin function via nucleosome sliding (for a review, see Tsukiyama 19 ). 20 ) , and by either filling-in or Bal31 digestions at the unique HinfI or Ava I sites of the 357 or 359 bp fragments (other fragments), followed by cloning through insertion at the Bam H I site of plasmid pUC18. Taq I, HinfI and Ava I sites are located at 14, 10 and 5 bp, respectively, from the ends of the initial Bam H I 357 bp fragment, so that the various additions or deletions were expected to lead to minimal disturbance of the known nucleosome positions on that fragment. 16 All 5S fragments were sequenced using commercial pUC primers and an automated sequencer, and further end-labeled with 32 P and circularized into topoisomers as described.
Materials and Methods
DNAs
Nucleosome reconstitution and relaxation
Nucleosomes were reconstituted from chicken erythrocyte histone octamers using the salt-jump method, on a trace of the 32 P-labeled topoisomer, together with a bulk amount of supercoiled plasmid DNA. 21 Particles in TE buffer (10 mM Tris -HCl, 1 mM EDTA(pH 7.5)) and 100 mg of bovine serum albumin/ml were supplemented with 0.25 volume of 5 £ Mg 2þ -plus buffer (1 £ ¼ 50 mM Tris -HCl (pH 7.5), 0.1 mM EDTA, 50 mM KCl, 5 mM MgCl 2 , 0.5 mM dithiothreitol), or Mg 2þ -minus buffer (1 £ ¼ TE plus 100 mM KCl and 0.5 mM dithiothreitol), and relaxed by incubation with 600-800 units of calf thymus topoisomerase I (BRL)/ml for one hour at 37 8C. Relaxation products were electrophoresed in polyacrylamide gels, and the gels processed as described. 1 
DNase I footprinting
Mononucleosomes were reconstituted as indicated above, except that the plasmid used as a carrier was replaced by the same weight of the unlabeled topoisomers, prepared as described. 22 Nucleosomes were trimmed to core particles with micrococcal nuclease in 10 mM Tris -HCl (pH 7.5), 0.5 mM CaCl 2 , and digestion stopped by addition of EGTA to 1 mM. A 0.25 volume of 5 £ DNase I buffer (1 £ ¼ 50 mM Tris -HCl(pH 7.5), 10 mM KCl, 5 mM MgCl 2 ) was added, followed by DNase I, and the reaction stopped by addition of EDTA to 10 mM (see the legend to Figure 4 for more details). After electrophoresis, the bands of interest were excised from the "chromatin" gels (see Figure 4 (a)), core DNAs eluted and labeled with 32 P using T 4 polynucleotide kinase. Only the 5 0 -OH ends left by micrococcal nuclease are labeled in this procedure, but not the new phosphatebearing 5 0 ends generated by DNase I digestion. Before proceeding further, the trimming quality was checked by electrophoresis of the purified DNAs in native 18 cm £ 30 cm £ 0.075 cm 6% polyacrylamide (acrylamide/bisacrylamide ¼ 19:1; w/w) gels, followed by drying and autoradiography. Sequencing gels were prepared according to standard protocols, except that the acrylamide/bisacrylamide weight ratio was decreased from the usual 19:1 value to 12:1, to better resolve mixed-sequence fragments. (We failed to decrease that ratio to 6 -8:1, as described, 23, 24 because the gel would not stick onto the glass plates.)
Topology
General equations
Topoisomers were identified by their linking number Lk or linking number difference DLk 25 , with:
in which:
where Tw o is the most probable twist 26 under the present relaxation conditions: 37 8C in relaxation buffers, with N being the minicircle size (in bp) and h o ¼ 10.54 and 10.49 bp/turn for 5S and pBR series (see Table 1 ).
For a nucleosome in state i, one has the equation:
DLk ¼ DLk n ðiÞ þ DLk l ðiÞ ð 3Þ which shows that DLk n (i), the DLk associated with the particle, is the total DLk of the topoisomer when the loop is relaxed (DLk l (i) ¼ 0). DLk is also equal to:
DLk ¼ DTw n ðiÞ þ DTw l ðiÞ þ WrðiÞ ð 4Þ in which DTw n (i) and DTw l (i) are the twist changes on the particle and in the loop, and Wr(i) the total writhe. 27 -29 When the loop is relaxed, DTw l ¼ 0, Wr(i) ¼ Wr o (i), and equations (3) and (4) 10 h int . For simple geometrical surfaces, h int can be easily deduced from the local helical periodicity, h loc (the periodicity of the DNA contacts with the histones). For a perfect cylinder, and using the most recent superhelix parameters, 4 the conversion formula 30 is:
Relaxation of naked DNA minicircles: measurement of DNA parameters
Lk ¼ 31 topoisomers of 360 and 362 bp minicircles of the pBR series, and of 361 and 363 bp minicircles of the 5S series, were relaxed at different temperatures in the Mg 2þ -plus and -minus buffers, as described above for chromatin. Reactions were stopped by addition of SDS to 1% (w/v), and the topoisomer composition analyzed by electrophoresis in chloroquine-containing gels (Figure 1(a) ).
The free energy of supercoiling (in kT units) is:
where K sc is the supercoiling force constant, DLk ¼ Lk 2 Lk T and Lk T ¼ N/h T (see equations (1) and (2)), with the index T referring to the temperature. One has:
with Lk o being given by equation (2) , DT ¼ T (in 8C) 2 37, and t (8angle/8C/bp) being the DNA thermal unwinding coefficient. The probability of the Lk topoisomer in the distribution, f Lk , is proportional to exp(2 G sc ). From this, it is easy to show that:
The log ( f Lkþ1 /f Lk ) versus DT plots for the two minicircles give two parallel straight lines (Figure 1(b) ). Their slope and intercepts allow the three parameters, K sc , h o and t to be determined according to equation (10) ( Table 1) .
(Similar equations, without the temperature as an explicit parameter, have been used to derive K SC and h from topoisomer ratios in the circularization of short DNA fragments. 26 )
Relaxation of nucleosomes on DNA minicircles
The multi-state model has previously been used with nucleosomes (two and three-state 1 ) and tetrasomes (two-state 9 ) on DNA minicircles. Briefly, nucleosome free energy (DNA plus protein) in state i (i ¼ 1-2 or 1-3) on topoisomer Lk is: Gði; N; LkÞ ¼ G sc ðiÞ þ G n ðiÞ ð 11Þ
With:
G sc (i) is the supercoiling free energy of the loop for the nucleosome in state i, N l ¼ N 2 N n is the loop size, and K sc (i) the loop supercoiling force constant. G n (i) represents the bending energy of the torsionally relaxed loop plus all the other contributions to the free energy (originating in particular from the protein). Experimentally, G n (i) was measured by reference to the sO state, and noted as DG n (i) ( Table 2) . The model was fitted to the topoisomer relative amounts versus DLk curves as described, 9 to find the values of five parameters at the most: DLk n (i) and DG n (i), with i ¼ 1-3 ( Table 2) . K SC (i)/N l was calculated for each state using the explicit solutions theory (see below). Fitted parameters were used in reverse to draw the theoretical kLk n l versus N and topoisomer relative amounts versus DLk smooth curves shown in Figure 3 .
Theory
Loop most probable conformations
The explicit solutions theory 5 -7 was used here as previously described for tetrasomes. 9 In this theory, the loop is considered as a segment with specified conditions at the end points (where it contacts the protein surface). The DNA segment is then treated as an unexpansive, homogeneous body obeying the rod theory described by Kirchhoff. The solutions to the equations led to the configuration that minimizes the elastic free energy with given loop end-conditions and constraint (DLk l ). Until recently, the theory allowed the conformations of the sO and s 2 states to be described, but not of the s þ state, due to the interpenetration of the entering and exiting DNAs upon application of the positive constraint to the loop. A recent development 31 takes the DNA impenetrability into account and deals with the resulting DNA self-contacts, which were allowed to slide freely, following the needs of the energy minimization process.
Loop end conditions are specified by: (1) the length of the vector joining the loop end points, r 12; (2) the angle a between r 12 and the tangent vector at either end point, t 1 or t 2 (the end-conditions are symmetrical, that is, a is the same at each end); and (3) the angle b between the tangent t 1 (or t 2 ) and the plane containing the vector r 12 and the dyad axis. These end-conditions can be calculated from the geometry of the wrapped DNA superhelix (see below).
In these calculations, naked DNA bending and torsional rigidity coefficients (A and C, respectively) were those used previously 9 : A is defined by the persistence length: a ¼ A/kT ¼ 50 nm, 32 and C/A ¼ 1.6^0.1 was calculated 33 from a and K SC (see Table 1 ), resulting in C ¼ 3.3(^0.2)10 219 erg cm at 300 K.
The nucleosomal DNA superhelix
The wrapped DNA superhelix only specifies the loop end conditions, but is not considered in the calculation of the elastic energy. This implies that its DNA is firmly bound on the histone surface in each state and, in particular, cannot rotate under the influence of the loop torsional constraint.
The regular superhelix. The DNA axis in the superhelix region is described by the vector:
pðsÞ ¼ ½rcosð2psÞ; rsinð2psÞ; ps ð 13Þ
where r ¼ 4.2 nm is the radius of the superhelix, and p ¼ 22.4 nm its pitch. 4 When the parameter s varies from 2 w/2 to w/2 (with w being the wrapping number or the number of superhelical turns), p(s) describes a Sequence-dependent Nucleosome Polymorphism left-handed superhelix, of total length:
The coordinates of the tangent vectors (to be used for the calculation of the end conditions; see above) on one hand, and the normal vectors to the DNA axis, the binormal vectors and the geometrical torsion of the curve (to be used to calculate the writhing 7 ) described by p(s) on the other hand, can be calculated according to the Frenet formulae from elementary differential geometry. In particular, the well-known equation for total torsion in the superhelix region is:
A superhelix with a curved axis. The axis of the superhelix is described by a planar arc of curvature k, with a radius of curvature R c ¼ 1/k coinciding with the nucleosome dyad axis (see Figure 6 (f)). A similar model, unrelated to the nucleosome, has been described. 34 The superhelix axis is described by the vector:
aðsÞ ¼ ½R c ð1 2 cosðkpsÞÞ; 0; R c sinðkpsÞ ð16Þ
where w/2 $ s $ 2 w/2 and p ¼ 2 2.4 nm. It is easy to show that the normal and binormal vectors to that axis are, respectively:
nðsÞ ¼ ½cosðkpsÞ; 0; 2 sinðkpsÞ ð17aÞ bðsÞ ¼ ½0; 1; 0 ð 17bÞ
Then the path of the double helix axis is described by the vector:
pðsÞ ¼ aðsÞ þ r½nðsÞcosð2psÞ þ bðsÞsinð2psÞ ð18Þ
where again r ¼ 4.2 nm. The total length of the superhelical DNA is:
whereas the total torsion in the superhelix region is given by the elliptical integral: 34 u n ¼ 22
with l ¼ 22p/p.
